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Abstract 
In this work, interaction and bond properties of anticancer drug doxorubicin (DOX), (6,6) armchair 
single-walled carbon nanotube (SWCNT), and hydroxyl- and carboxyl-functionalized SWCNT (ƒ-
SWCNT) have been investigated based on DFT theory to design, improve and expand carbon 
nanotube (CNT) drug carriers which is applied in biomedical systems such as drug delivery systems. 
Geometrical, structural, electrical, bonding and thermodynamic properties as well as optimized 
geometry, adsorption energies, quantum molecular descriptors, topological parameters and frontier 
molecular orbitals of different drug arrangements on CNT at the highest equilibrium at WB97XD/6-
31+G (d, p) level of theory at aqueous and gas phases were explored. Our calculations showed that 
hydrogen bonds between active sites of DOX molecules and hydroxyl- and carboxyl-functionalized 
CNTs played a more important role than those with pristine CNTs in the adsorption and fixation of the 
studied complexes as well as their thermodynamic energy. Using quantum theory of atoms in 
molecules (QTAIMs) method, intermolecular interactions and corresponding parameters at critical 
bonding points in aqueous and gas phases were also investigated. Evaluation of the results obtained 
from the natural bond orbital (NBO) analysis showed that the direction of electron movement was 
generally from drug molecule to CNT. 
Keywords: Functionalized carbon nanotube; Doxorubicin; Drug delivery system; Density functional 
theory; QTAIM; NBO 
1. Introduction
In the recent decade, extensive attention has been paid to carbon nanotubes (CNTs) and its 
applications on different industries due to their superior mechanical properties such as tensile and 
stress strengths and elasticity [1,2], as well as unique chemical and thermal properties [3]. Due to their 
intrinsic properties and high dynamism, they have been recently applied as drug adsorbers in medical 
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and pharmaceutical industries [4–6] Furthermore, due to their characteristic surface properties and 
capsule and needle like shape, they can encapsulate a variety of biomolecules such as drugs and DNA 
molecules. They can also vertically pierce and penetrate cell membrane through endocytosis process 
[7] and, as carriers, protect their payloads against environmental hazards or prevent the unwanted 
distribution of anticancer drugs until reaching the target site in body tissues. It is noteworthy that, 
pristine CNTs are highly hydrophobic and their most important disadvantage in biological and 
pharmaceutical chemistry is their weak solubility and dispersibility, which can result in the 
accumulation of these compounds by Van der Waals interactions in aqueous environments. This 
accumulation is not favorable in drug delivery system (DDS) systems since it increases their size and 
therefore, decreases their ability to pierce cell membrane, resulting in the increase of their toxicity and 
decrease of their dispersibility in blood  [8,9]. 
Many research works have been performed on the application of different carbon nanotube 
structures such as CNTs, fullerene, graphene sheets and graphene oxide in drug delivery systems [10–
12]. CNTs, fullerene and graphene sheets have high surface areas which can be engineered. For 
example, they can be precisely fabricated and functionalized through different methods such as 
chemical vapor deposition (CVD), acid washing and atomic layer deposition (ALD) [13–15]. A great 
amount of research has been conducted to functionalize carbon atoms using different techniques to 
solve CNT defects and issues [16,17]. Among the most important applications of ALD in medical 
industry, are medical biosensors, drug delivery, and gas detection sensors [18] fabricated using very 
accurate layer by layer coating technique. Also, they are of great importance in today’s research areas 
to reinforce body implants and make them biocompatible to physiological conditions of the body by 
making them resistant to erosion and oxidation. Recently, Zhu et al. [19] studied the functionalization 
of titanium implants reinforced with CNT and chitosan composite using ZnO particles deposited by 
using ALD method to improve its antibacterial properties. 
CNTs can create noncovalent and covalent 𝜋  𝜋 interactions with molecules via their outer and 
inner cavity surfaces [20]. Functionalization of CNT surface with hydrophilic atoms can solve 
accumulation problems. Hydrogen bonding interactions for engaging a drug compound has been 
shown previously which is effective in applications such as modification of drug properties as well as 
evaluation, identification and delivery of drugs [21,22]. This can also improve drug release control, 
bioavailability, performance, sensitivity and biocompatibility of the carriers and decrease their 
pharmacological toxicity. Therefore, functionalization is widely being used to expand carbon-based 
nano-carriers. Also, recent studies have been performed using –COOH functionalized CNTs on the 












CNTs are promising DDS carriers to extend drug release duration and accumulate drugs at tumor 
site by improving their infiltration. The bonding strength of drug molecules with CNTs and the 
amount of drug release may be different at different pH values [25]. DOX is a chemotherapy drug and 
a anthracycline cytostatic antibiotic with molecular formula C27H29NO11. This drug is applied in the 
treatment of different types of cancers such as breast, stomach, thyroid, bladder, bone, lung, muscle, 
neural tissue, joint and soft tissue cancers. It is also applied for treating Hodgkin’s diseases and 
different types of blood cancer [26]. 
DOX is intercalated between base pairs in DNA helical structure and blocks DNA replication for 
protein synthesis. It also decelerates or blocks the growth of cancer cells through deactivating 
topoisomerase enzyme II, which is vital for the growth and division of cells. DOX is toxic and, along 
with cancer cells, can damage healthy cells in bloodstream [27]. Hence, nano-carriers can greatly 
improve the application of chemotherapy drugs and reduce their damage to non-cancerous cells. Due 
to the application of nanotechnology, new DDS systems can decrease the amount of the released drug 
and perform drug delivery function in a controlled manner; they protect drug molecules and due to 
their very small size, they can easily pass through biological barriers and deliver the drug at target 
point and also increase biocompatibility [28]. Due to their intrinsic properties, CNTs can act as 
suitable drug carriers to deliver toxic anticancer drug DOX to decrease its side effects [29]. Other 
nano-carriers of DOX, such as liposome, dendrimer, fullerene, metal oxide particles, biocompatible 
chitosan polymers and polyethylene glycol, have also been applied [30–32]. Different nanocomposite 
carriers have also been applied to deliver DOX molecules [33]. Due to their metallic and semi-
conductive properties, carbon-based nano-structures have high potential to be used as sensors in nano-
scaled devices. They can be also applied in gas detection sensors and biosensors [34]. Due to their 
unique electronic properties, CNTs can react well with different gas and biomolecules. For example, 
attaching Pd atom onto CNT surface can improve the interaction of gas molecules with CNT surface 
and therefore the sensitivity of these sensors [35]. Also, in another work, Pd-doped SWCNT and 
phenylalanine were used as high-sensitivity nanoreceptors [36]. San et al. [37] applied suspended 
carbon nanotube (SWCNT) as biosensor for the detection of DNA. Furthermore, recent DFT 
calculations have confirmed interactions among SWCNT and Lomustine, Ifosfamide and Droxidopia 
drug molecules [38–40]. 
The main aim of this work was to investigate the ability of pristine and hydroxyl- and carboxyl-
functionalized CNTs in the adsorption of DOX and the effects of aqueous and gas phases on this 
process using DFT theory. Unlike other works which generally study only one certain functional 
group, in this work the overall effects of –COOH and –OH functional groups attached to nanotube on 












been investigated and the obtained results have been compared to those obtained by the same process 
using pristine CNTs. In the initial combination of these systems, drug molecules at their most stable 
state were arranged at different locations on CNT surface such that they can spontaneously be 
adsorbed onto and interact with CNT surface via its active atom. Our goal in performing more detailed 
studies on these interactions was to investigate structural properties before and after adsorption and 
obtain the energies of bonding, adsorption and deformation in gas and aqueous phases. To more 
precisely understand the nature of bonds, quantum theory of atoms in molecules (QTAIM) and 
topological parameter calculations were performed. Electronic properties and corresponding 
descriptors were obtained in both phases and the differences of pristine and functionalized CNTs were 
analyzed. We also performed thermodynamic, enthalpic, PDOS and TDOS analyses on adsorption 
process and fragments. Finally, using the natural bond orbital (NBO) method, investigated the amount 
and direction of charge transfer from active orbitals of CNT and drug molecules. 
2. Theoretical details 
Quantum mechanics calculations 
DFT theory is a powerful tool for defining intermolecular interactions which are of great 
importance in chemical reactions and are used in the calculation of bandgap, electronica properties in 
semiconductors, and atomic and molecular orbital properties and energies [41]. In the current work, 
the interaction of hydroxyl- and carboxyl-functionalized armchair (6, 6) SWCNT and DOX anticancer 
drug in aqueous and gas phases has been studied. The effect of water solvation on interaction nature 
was evaluated using self-consistent reaction field (SCRF) implicit water with constant dielectric 
coefficient ε=78.3553 corresponded to Tomasi’s polarizable continuum model (PCM) [42,43]. All 
calculations were performed based on DFT method at WB97XD/6-31+G(d,p) special level. WB97XD 
level of theory is very popular for NT structures and is classified as a novel DFT function category, 
known as range-separated function, which can capture both long- and short-rang interactions and 
describe charge transfer systems more precisely [44–46]. 6-31+G(d,p) basis set was suitable for 
general calculations of molecules with medium to huge sizes, accurate energy and properly describe 
core and valence orbitals, chemical bonds, long range interactions and polarization function [41]. (6, 
6) pristine CNTs, which were applied in CNT functionalization, contained 132 carbon atoms with their 
open ends saturated with hydrogen atoms. 
Gaussian is one of the powerful tools in the prediction of the properties of molecules as well as 
their reactions mechanism, bond energies, molecular orbitals, atomic charges, electronegativity and 
thermochemical properties and was therefore applied in this work. The geometry of fully optimized 












All DFT calculations were performed under environmental conditions of 298.150 K and 1 atm. 
For the characterization of DOX-nanotubes interaction, adsorption energy (    ) of the complexes 
were obtained using the following equation: 
                                                                                                                                         
(1) 
where     ,      and           are total electronic energies of isolated DOX drug, isolated CNT and 
optimized DOX/CNT complex, respectively. 
Boys-Bernardi counterpoise technique was employed to correct binding energies for basis set 
superposition error (BSSE) [48]. BSSE was determined using counterpoise (CP) method. Adsorption 
energy includes deformation (    ) and interaction (    ) energy contributions, both of which occur 
during adsorption. The following equations were employed for the calculation of these contributions: 
          +                                                                                                                                                 
(2) 
                                                                                                                                 
(3) 
                                                                                                                                                     
(4) 
where          is the total energy of optimized CNT/DOX complex and                 and 
                are total energies of drug fragments and nanotubes in the final optimized geometry of 
CNT/DOX complexes, respectively. Also,                      are the deformation energies of DOX 
and nanotube molecules in the complex, respectively. 
To better understand the nature of interatomic interactions based on electron density distributions 
for detecting bond critical points (BCP) and calculating their values through of Laplacian (   ) values 
and electron densities ( ), Bader’s QTAIMs has been adopted in this work [49–51]. QTAIM 
calculations were performed using AIM2000 software [52]. Wiberg bond index (WBI) was stated as 
[53,54]: 
WBI = ∑    
 
     2          
                                                                                                                           
(5) 
where     and     are charge densities in atomic orbital and density matrix elements, respectively. 
Higher values of WBI meant stronger covalent characters and had close correlation to bond order. 












assumed a simple relationship between potential energy density (    ) and 𝐸   energy at a critical 
point corresponding to intermolecular HB contact as: 
𝐸   =1/2                                                                                                                                                      
(6) 
Total local energy density at BCP was stated as [58]: 
                                                                                                                                                     
(7) 
In the above equation,      and      are local potential and kinetic energy densities at BCP, 
respectively.  
To better understand simultaneous adsorption process of DOX molecules onto NTs, 
thermodynamic properties will be studied in future works. 
The Gibbs free energy function [59], of a system at constant temperature was defined as: 
 𝐺   𝐻                                                                                                                                (8) 
where the variations of Gibbs free energy (  ), entropy (  ), and enthalpy (  ) of all complexes at 1 
atm and 298 K were determined to describe adsorption process. 
The investigation of electronic properties included molecular orbitals (MO) including lowest 
unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) were also, 
calculated for the valuated systems. The gaps in the energy levels (  ) of a system was calculated as: 
                                                                                                                                                   
(9) 
Also, we calculated quantum molecular descriptors  such as electronic chemical potential (µ) [60], 
energy gap (ev), dipole (µ ֯) (debye), electronegativity ( ) [61], global softness (s), global hardness (ɳ) 
[62], and electrophilicity index (ω) [63] of NTs, DOX and evaluated complexes to describe the 
chemical reactivity and stability of different configurations using the following equations: 
                                                                                                                                               
(10) 
                                                                                                                                                
(11) 













In this work, the thermodynamic and kinetic aspects of the interaction between NTs (i.e., the 
acceptor, A) and DOX (i.e., the donor, B) have also been studied. The global NTs-DOX interaction 
can be calculated using ∆N parameter which shows the fractional number of electrons transferred from 
fragment B (donor) to fragment A (acceptor) and elucidate component stability; this factor can be 
calculated as: 
   
       
       
                                                                                                                                                  
(13) 
where η and μ are the chemical hardness and potential of acceptor (A) and donor (B), respectively. 
Positive values of    indicate that charge was transferred from B to A and A acted as electron 
acceptor, while negative values of    indicated that charge was transferred from A to B and A acted 
as electron donor. Sarmah et al. [64] proposed comprehensive decomposition analysis of stabilization 
energy (CDASE) method and found that stabilization energy (SE) and its different components as well 
as charge transfer can be employed to find the most stable adduct obtained by noncovalent interactions 
[65,66]. Overall stabilization energy could be expressed as: 
                        
       
 
        
                                                                                                  
(14) 
where    and   are the chemical hardness and potential of acceptor (A), respectively. Similarly, and 
indicate the same parameters for the donor (B). The changes of individual energy components (i.e., 
                  ) are stated as: 
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(16) 
Density of states (DOS) of a system shows state number in the intervals of unit energy. In an 
isolated system, energy levels are discrete, and the concept of DOS is not clear. However, if discrete 
energy levels are artificially expanded to the curve, DOS diagram can act a powerful tool to describe 
the composition of orbitals [67–69]. The curve of partial density of states (PDOS) can be applied to 
visualize orbital compositions. PDOS function of fragment A can be stated as: 













where 𝐸   is the composition of orbital i and fragment A and    shows single-particle Hamilton 
eigenvalue set [70]. Visualization of PDOS spectra was performed by Multiwfn 3.6 software [71] 
using the data obtained from WB97XD/6-31+G(d, p) level of theory. 
3. Results and Discussion 
3.1 DFT Results 
3.1.1 Molecular Geometry and Binding Energy Analyses 
To obtain the configuration with the highest stability, the interactions of DOX molecule with CNT 
and f-CNTs as drug carriers at various positions have been studied. Following structural optimization, 
drug molecule re-arrangements in some configurations were predicted to find the most stable 
configuration. Figs. 1 and 2 show the optimized geometries of anticancer drug DOX, CNT, and f -
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Fig. 2. Final optimized geometries of DOX/NTs complexes at the most stable state of energy, calculated by 
WB97XD/6-31+G (d, p) method (A: complex with pristine CNT; B, C and D: complexes with hydroxylated 
CNT; E, F and G: complexes with carboxylated CNT). Corresponding color for atoms were: carbon in grey, 
oxygen in red, hydrogen in white and nitrogen in blue. 
The geometries of pristine, carboxylated and hydroxylated armchair (6,6) CNTs with diameter 8.5 
Ǻ, length 14 Ǻ and two saturated ends applied as nano vectors for the adsorption of DOX were totally 
optimized at the WB97XD/6-31+G (d, p) level of theory. Table 1 lists some critical bond angles and 
lengths. The lengths of optimized P-SWCNTs before and after adsorption were calculated to be 14.02 
Å and 11.57Å, respectively. However, the nanotube lengths in other complexes of ƒ-CNT were fixed 
at 14 Å. Table 2 lists the structural parameters of DOX before and after being adsorbed onto the 
surface of nanotubes with selected configurations (i.e. A, B, E). Also, analyzing structural parameters 
at 6-31+G (d, p) indicated that drug molecule bond lengths in the considered complexes remained 
almost constant with respect to WB97XD functional (Table 2). However, no significant perturbation 
was witnessed in the relaxed geometry of DOX molecules after being adsorbed onto the surface of 
nanotubes with the studied configurations. One could conclude that nanotubes acted as drug carriers 
and protected DOX molecules from degradation. These results proved that CNT had great potential as 
a safe nanocarrier for DOX molecules in DDS systems. 







Bond length (A ֯)  
Bond angle label 
Bond angle (degree) 
Before ads After ads Before ads After ads 
 
A 
C63-C74 1.346 1.476 C61-C63-C74 122.017 121.120 














O158-H158 0.970 0.980 C124-O157-H158 109.737 114.928 





C169-O170 1.341 1.324 O170-C169-O171 123.114 124.641 
O170-H176 0.971 1.004 C169-O170-H176 113.026 117.084 
C169-O171 1.204 1.211    
C118-C169 1.533 1.531    
 









Bond angle (degree) 
Before 
ads 
After ads Before 
ads 
After ads 
CONF-A CONF-B CONF-E CONF-A CONF-B CONF-E 
N55-H56 1.007 1.008 1.007 1.008 H56-N55-H57 109.60 109.64 109.79 109.70 
N55-H57 1.008 1.008 1.008 1.008 C48-O47-C27 117.52 119.29 115.61 117.54 
O47-C48 1.422 1.421 1.436 1.438 C32-O33-H34 111.73 112.19 108.47 111.41 
O47-C27 1.448 1.446 1.458 1.464 C12-O38-H39 111.22 111.24 111.23 111.47 
C32-O33 1.439 1.435 1.433 1.436 H36-C35-H37 107.54 107.32 107.47 108.26 
O33-H34 0.968 0.967 0.973 0.967 C1-O17-C14 122.20 122.20 122.18 117.84 
O38-H39 0.977 0.977 0.977 0.976 C9-O25-H26 110.54 110.50 110.53 110.93 
C12-O38 1.356 1.356 1.357 1.355 H43-C42-H44 107.42 107.89 108.71 107.99 
C21-O22 1.232 1.232 1.232 1.235 C40-C42-O45 107.43 110.89 111.97 109.83 
C35-H36 1.085 1.081 1.083 1.083 C9-C7-C23 119.42 119.37 119.39 119.40 
C35-H37 1.081 1.082 1.079 1.080 C62-O64-C48 114.38 113.90 114.54 114.75 
C4-H20 1.068 1.068 1.068 1.068 O33-C32-C40 109.15 109.99 110.01 104.12 
C1-O17 1.350 1.350 1.351 1.372      
O17-C14 1.450 1.450 1.450 1.466      
C23-O24 1.231 1.231 1.231 1.232      
C9-O25 1.356 1.354 1.355 1.355      
O25-H26 0.979 0.979 0.980 0.979      
C40-O41 1.211 1.216 1.212 1.216      
O45-H46 0.966 0.967 0.966 0.970      
C5-C8 1.399 1.398 1.398 1.399      
3.1.2 Analysis of Binding Energy 
Tables 3 lists the deformation (𝐸   ) interaction (𝐸   ) and adsorption (𝐸   ) energies of the 
studied systems in aqueous and gaseous phases calculated through Eqs. (1) to (4). The calculated 
binding energy values for pristine SWCNT complex were -4.637 and -6.390 Kcal/mol and 
corresponding values for hydroxylated CNT complexes (i.e. B, C, and D) ranged from -13.796 to -
17.829 Kcal/mol and -18.859 to -33.022 Kcal/mol and for carboxylated CNT complexes from -33.508 
to -39.978 Kcal/mol and -40.549 to -43.674 Kcal/mol in aqueous and gaseous phases, respectively. 
Research findings have shown that the ebsorption power between nanotube surface and DOX 
molecule was weak [72-74]. Higher values of absorption energy in aqueous solution indicated higher 
absorption powers which seemd to be overestimated when compared with real values. The reason for 












the reaction between complex fragments and water molecules was cont considered as real [75, 76]. 
However, this model predicted acceptable comparative data in terms of absorption power among 
studied structures. 
Based on the final optimized structures, Fig. 2 shows that, due to low bonding energies, unlike 
functionalized CNT, in pristine CNT drug molecules do not directly bond to CNT surface and are 
adsorbed onto CNT terminal after rotation and displacement and tend to be encapsulated within the 
cavity which was inconsistent with the results obtained from dynamic simulation in our previous work 
[77]. It was found that the binding energies of all appropriate structures in aqueous media were lower 
than the values obtained in gaseous phase. It was also found that, the calculated binding energies were 
negative in all cases, which indicated that adsorption process was exothermic and favorable in both 
phases in the majority of the evaluated systems (Tables 3). In addition, considering the results given in 
Tables 3, it was found that binding energies were mainly under the influences of the orientations and 
locations of DOX molecules. Also, our theoretical calculations revealed a good relationship between 
the 𝐸    and 𝐸    in adsorption structures. It was also concluded that increase of interaction energy 
shifted binding energies toward more negative values making intermolecular interactions stronger. 
Further, the contribution of interaction energy in the evaluated configurations (Table 3) confirmed that 
DOX molecules were physiosorbed onto the surface of NTs. 
Following optimization, pristine CNT complex (A), (Fig. 2) presented negative binding energies -
4.637 and -6.390 Kcal/mol in aqueous and gaseous phases, respectively. In the configuration with the 
highest stability, one Van der Walls (VdW) interaction between carbon atom C74, CNT surface and 
H176 atom of drug molecule was formed with distances of 3.319 and 3.673Å in PCM and gas phases, 
respectively. Also, a weak H bond was formed between H104 atom of CNT in terminal and O151 
atom of DOX with intermolecular O…H distances of 2.339 and 2.342 Å in PCM and gas phases, 
respectively. These values proved the presence of VdW interactions between P-SWCNT and DOX 
drug molecules. They also indicated that the strengths of P-SWNTs-DOX interaction was very weak. 
To enhance binding strengths, the electronic and structural characteristics of SWCNT, -COOH and -
OH functional groups were attached onto the exterior surfaces of nanotubes (ƒ-SWCNTs). 
After optimizing hydroxylated CNT (ƒ-CNT1) complexes (i.e. B, C, and D complexes), the 
intermolecular distance from DOX to ƒ-CNT1 surface was in 1.624-2.313Å range and configuration C 
was found to be the most stable structure (Fig. 2) and therefore it had the most negative binding 
energies in aqueous and gaseous phases; i.e. -17.829 and -33.022 Kcal/mol, respectively. In this 
configuration, 3 hydrogen bonds were formed on nanotube surface. In aqueous phase, one hydrogen 
bond was created through the interaction of H166 atom of -OH group on the surface of CNT and O214 












distance of 1.777 Å. The second hydrogen bond, which was common in both phases, was formed 
through the interaction of O159 atom of -OH group on CNT and H203 atom of DOX with 
intermolecular O…H distances of 1.654 and 1.783 Å in PCM and gaseous phases, respectively. 
Finally, the third hydrogen bond was formed in gas phase through the interaction of H158 atom of -
OH group on CNT and N224 nitrogen atom of DOX with intermolecular N…H distance of 1.826 Å, 
(DOX molecule was parallel to CNT surface). It should be kept in mind that the binding with the most 
negative energy, which was formed between hydroxylated f-CNT1 and DOX molecule in 
configuration C, was because of more intermolecular hydrogen bond (HB) interactions. Following 
configuration C, configuration D had the most stable state among hydroxylated CNT configurations 
with binding energy of -16.040 and -29.645 Kcal/mol in aqueous and gaseous phases, respectively. At 
the most stable state, this system had two dominant hydrogen bonds. The first one was formed 
between O191 oxygen atom of carbonyl group on DOX molecule and H163 hydrogen atom from the 
hydroxyl functional group on CNT surface with bond distances of 1.823 and 1.903 Å in aqueous and 
gaseous phases, respectively. The second bond was formed between O159 oxygen atom of f-CNT1 
and H203 hydrogen atom of DOX with intermolecular distances of 1.903 Å. 
In configuration B, a hydrogen bond was formed between H158 hydrogen atom of hydroxyl group 
on the surface of CNT and O216 oxygen atom of DOX with bond distances of 1.825 and 1.798 Å in 
aqueous and gaseous phases, respectively. Weak VdW bonds were formed between H233 hydrogen 
atom of drug molecule and H199 hydrogen atom on CNT surface. In final optimization of the system, 
aromatic rings of DOX were arranged along CNT axis. After optimizing carboxylated CNT (ƒ-CNT2) 
complexes, the intermolecular distances of ƒ-CNT2 surface and DOX molecule were in 1.573-2.496 Å 
range with configuration F being the most stable structure (Fig. 2) which had the most negative 
binding energies of -39.978 and -43.674 kcal/mol in aqueous and gaseous phases, respectively. In the 
configuration with the highest stability, two main hydrogen bonds were formed on CNT surface. The 
first hydrogen bond was formed through the interaction of H175 atom of -COOH group on CNT and 
O203 atom of DOX (DOX molecule was perpendicular to CNT surface) with intermolecular OH 
distances of 1.702 and 1.698 Å in aqueous and gaseous phases, respectively. However, the second one 
was formed between H176 atom of -COOH group of f-CNT2 and N234 nitrogen atom of DOX with 
N…H distances of 1.672 and 1.679 Å in PCM and gas phases, respectively. 
In the most stable state of configuration E, the arrangement of DOX molecule was similar to the 
configuration B, where O266 oxygen atom of DOX formed a dominant hydrogen bond with the 
hydrogen atom of carboxyl group on CNT with minimum intermolecular distance of 1.573 Å in 
aqueous phase in the studied system. In configuration G, DOX molecule was located 180ᵒ opposite to 












two of which were formed by -OH of drug molecule, i.e. O168…H218 and O224… H176 with bond 
distances of 1.869 and 1.633 Å and 1.766 and 1.573 Å in aqueous and gaseous phases, respectively, 
and the other one was formed by O201 oxygen atom of carboxyl functional group of DOX molecule 
and H175 hydrogen atom of carboxyle functional group on CNT surface with bond distance of 1.736 
Å in both phases. Also, as given in Table 3, the deformation energies of the evaluated models were in 
4.746–18.210 Kcal/mol range. The obtained results revealed that, remarkable deformation occurred in 
the molecular geometry of DOX during the forming some of configurations. It is well established that 
by the increase of the strength of interaction increases the intensity of curvatures in carriers during 
conjunction with DOX molecule. The results given in Table 3 show that the strength of interaction 
between drug and ƒ-CNTs was higher than that with P-CNT. The maximum and minimum energies of 
deformation were found to be 18.21 and 4.746 Kcal/mol for systems E and A, respectively, which 
meant that the distortion in the geometry of drug and nanotube in the ƒ-CNT system’s is significantly 
higher than P-SWCNT system (Table 3). 
Adsorption energy magnitude at WB97XD level of theory for the above discussed complexes 
was: 
P-CNT Hydroxylated CNT Carboxylated CNT 
Therefore, the obtained results revealed that the addition of -COOH and -OH functional groups 
onto the exterior surfaces of NTs markedly enhanced the stability of configurations and adsorption 
process. 
Based on our theoretical findings, configurations C and D showed weaker interaction between f-
CNT1 and DOX molecules in aqueous solutions than gas phase. More detailed investigation of the 
data presented in Table 3 showed that adsorption energies in complexes C and D were significantly 
different in aqueous and gas phases. The initial structure selected for the investigation of drug 
molecule adsorption on f-CNT revealed that DOX molecules were aligned parallel such that their 
aromatic rings were located on the surface of nanotubes in both phases. It was witnessed in the 
optimized structure of configuration C that three intermolecular hydrogen bonds were formed between 
the functional groups on nanotube surface and DOX molecules namely N224…H158 in gas phase, 
O214…H166 in aqueous phase, and O159…H203 in both phases. In configuration D, however, two 
intermolecular hydrogen bonds between the functional groups on nanotube surface and DOX 
molecules which included O159…H203 in gas phase and O191…H163 commonly in both PCM and 
gas phases. More detailed evaluation of the data presented in Tables 3 also revealed that 
intermolecular hydrogen bond (HB) interactions in aqueous phase were weaker than those occurring in 












molecules. So, the adsorption energy of functionalized nanotubes and drug molecules was greatly 
improved in gas phase. 
According to the results obtained in this section, it could be concluded that, intermolecular 
hydrogen bonds have important role in the stability of physisorption, also can be useful in developing 
carbon nanocarriers for DOX and on the basis of target environmental conditions, i.e. pH of target 
medium, suitable samples can be used for DDS systems to optimize drug release conditions. Also, 
other nanocarrier structures such as multi walled carbon nanotube and hybrid CNT-polymer could be 
used to improve drug encapsulation capability [78,79]. 
Table 3. The calculated adsorption energy (    ), interaction energy (    ) and deformation energy (    ) (all 
in Kcal/mol) in DOX/CNT and DOX/ƒ-CNT systems for all complexes 
MODEL                
PCM GAS 
A -11.136 -4.637 -6.390 4.746 
B -31.851 -13.796 -18.859 12.992 
C -47.902 -17.829 -33.022 14.880 
D -46.126 -16.040 -29.645 16.481 
E -59.271 -33.508 -41.060 18.210 
F -59.664 -39.978 -43.674 15.990 
G -54.595 -37.470 -40.549 14.046 
3.1.3 QTAIM Analysis 
It can be seen in Fig. 2 that, in the studied complexes, oxygen, nitrogen and hydrogen atoms in 
DOX molecules formed bonds with oxygen, carbon and hydrogen atoms in CNTs and ƒ-CNTs. Hence, 
the studied structures were stabilized by various intermolecular HB interactions. To study this fact in 
more detail, intermolecular HB energies (𝐸  ) were calculated using Espinosa method, as summarized 
in Table 4. As given in Table 4, DOX molecules could participate in a wide range of intermolecular 
conventional (N-H…O, N…O-H, O…O-H and O-H…O) and nonconventional (H…C and O… H) 
HBs with NTs. 
The results listed in Table 4 reveal that 𝐸   values for O…H, O-H…N, O…H-N, and O-H…O in 
systems containing ƒ-CNTs were considerable. Detailed evaluation of C and E complexes in systems 
containing ƒ-CNT1 and ƒ-CNT2, respectively, revealed that the magnitude of HB interaction is more 
than complex A with non-functionalized surface. Hence, one could conclude that HB interaction was 












To better understand the nature of intermolecular interactions between CNT and DOX molecules, 
QTAIM calculation was applied. This theory analyzes the electron density of various characteristic 
points, especially bond critical points (BCPs), to obtain electron density (    ) and Laplacian (     
 ) 
values to determine the strength and characteristic of bonds, respectively. Table 4 lists the values of 
kinetic electron density (    ), local potential electron energy density (    ), total electron energy 
density (    ), Laplacian (     
 ), and electron densities (    )  for all structures. 
Table 4. The topological parameters, Lagrangian kinetic (    ) and potential (    ) electron energy densities 
(all in a.u.), Laplacian (      ), electron density(     , total electron energy density (    ) along with its two 
components, hydrogen bond energy (   , in Kcal/mol), and intermolecular distance (R) in (Å) for 
intermolecular interactions between DOX and NTs in the considered complexes in aqueous solution, calculated 
using Espinosa method 
Model Bond       
      𝐺    𝐻         𝐸    R 
 
A 
H104..…O151 0.009921 0.014423     0.011438 0.002986 -0.00845 -2.652 2.339 
H107…..O155 0.010605 0.014668     0.011735 0.002934     -0.0088 -2.761 2.486 
C74…....H176 0.001286 0.001408     0.000998     0.00041 -0.00059 -0.184 3.551 
 
B 
H158….O216 0.036464 0.030016     0.038337   -0.00832 -0.04666 -14.639 1.825 
  C2-C11…H223 0.008232 0.007343     0.006169 0.001174     -0.005 -1.567 2.749 





O159……H203 0.052766 0.033907     0.052   -0.01809 -0.07009 -21.991 1.654 
H166……O214 0.040821 0.033361 0.043607   -0.01025 -0.05385 -16.896 1.777 
H158……N224* 0.044723 0.023634 0.036025   -0.01239 -0.04842 -15.191 1.826 
O157……H225 0.014680 0.018808 0.016508    0.0023 -0.01421 -4.457 2.221 
   C21…...H236 0.005458 0.005030 0.004003 0.001033 -0.00297 -0.932 2.876 




H163…...O191 0.034228 0.030900 0.037444   -0.00654 -0.04399 -13.801 1.823 
O159……H203 0.028766 0.028382 0.031988   -0.00361     -0.0356 -11.168 1.903 
O160……H189 0.013044 0.016373 0.013911 0.002461 -0.01145 -3.592 2.295 





H176……O226 0.063898 0.033364 0.057837   -0.02447 -0.08231 -25.824 1.573 
O171……H209 0.011311 0.014770      0.01201 0.002759 -0.00925 -2.902 2.379 
O170…...H233 0.008310 0.011406 0.008865 0.002541 -0.00632 -1.984 2.496 
O168……H235 0.010049 0.014954 0.011945 0.003008 -0.00894 -2.804 2.318 





H175……O203 0.044394 0.033581      0.04618   -0.0126 -0.05878 -18.442 1.698 
H175……O196 0.016408 0.026065      0.02295 0.003115 -0.01984 -6.223 2.126 
O168……H205 0.012512 0.018985 0.015938 0.003046 -0.01289 -4.045 2.198 
H176…...N234* 0.060019 0.025008 0.044987   -0.01998 -0.06497 -20.383 1.679 
  C23-C24….H236 0.002769 0.003393 0.002444 0.000949     -0.0015 -0.469 3.117 
 
G 
O168……H218 0.038412 0.031339      0.04053   -0.00919 -0.04972 -15.599 1.766 
H175…...O201 0.040062 0.033132 0.043023   -0.00989 -0.05292 -16.602 1.736 
H176……O224 0.056356 0.032451 0.053127   -0.02068     -0.0738 -23.155 1.633 
 * Represents bonds formed in gas phase 
Rozas et al. [80] classified interaction character based on the value of      with      
  and the 
signs and values of      
  and 𝐻    determine the nature of bonds such that      
        𝐻      
indicated strong covalent bonding character,      
        𝐻      showed medium strength and 
partially covalent nature and      
        𝐻      indicated mainly weak electrostatic bonds 
character. Positive      
  values indicated VdW, electrostatic and HB bonds. Negative values of      
  
indicate high electron density and concentration of charge in this nuclear region, leading to covalent 
bonds. If      
     , ionic bond is formed, if      
      covalent bond is formed and if      
  












would have       𝐺    which is a function of intermolecular distance R. Also, comprehensive 
analysis of the values of    
    
    
  revealed that when          , covalent bond is formed, 
when        , ionic covalent bond is formed in which covalent bond tends to be polarized and 
has partially ionic nature, and when    , by assuming negative values for      
 , weak covalent 
bond is formed and by assuming positive values for this term, we have electrostatic bond. 
Hence, calculated electron density of DOX/NTs complexes revealed that intermolecular hydrogen 
bonds had low and positive      in the range of (0.001 to 0.06 a.u) and      
  values in the range of 
(0.001 to 0.033 a.u) in implicit water phase. The values of       
  and      were in the acceptable 
range of HB interactions [81–83] proving the presence of closed-shell interactions in the studied 
complexes. Therefore, these factors with negative or positive      values at intermolecular H-bonding 
indicated that the studied complexes had electrostatic and partially covalent natures simultaneously. 
Our finding were in agreement with previous works [73,84,85]. Electron densities at BCPs of N…H, 
O…H, and C…H in DOX/ƒ-CNT and DOX/P-CNT systems respectively, had good correlation with 
energy strength 𝐸  . Therefore, high electron densities corresponded to higher values of 𝐸   and vice 
versa (Table 4). The maximum values of electron density (    ) and 𝐸   for ƒ-CNT1 and ƒ-CNT2 
systems obtained for C and E complexes at O159…H203 and H176…O226 contact points were 
0.052766 a.u, -21.991 Kcal/mol and 0.063898 a.u, -25.824 Kcal/mol, respectively. The amount of 𝐸   
parameter illustrate bond strength. Generally, shorter intermolecular distance between drug atoms and 
surface atoms of NT’s, enhance the strength of 𝐸  . The data presented in Tables 4 revealed that in 
complex C, the length of intermolecular O-H⋯H hydrogen bond between      …. 𝐻    was shorter 
than that between 𝐻    ….      and in complex F, 𝐻    ….      hydrogen bond length was shorter 
than 𝐻   ….     ; therefore, shorter conjugations formed stronger H-bonds. 
Also, more detailed investigation of complex F in Table 4 showed that two dominant hydrogen 
bonds were formed between O203 of drug and H175 of CNT as well as N234 and H176 of CNT with 
𝐸   values of -18.442 and -20.383 Kcal/mol, respectively, while system E with one bond was more 
stable. These results complied well with those obtained in the previous section for the most stable 
configuration, i.e. complex F. It was concluded that higher electron densities at BCP corresponded to 
higher strengths of intermolecular hydrogen bonds. To emphasize this, the relationships between      
and      
  versus 𝐸   at intermolecular interaction are determined and shown in Figs. 3 and 4, 
respectively. The correlation coefficients of these dependencies were very close to 0.99. 
In addition, Fig. 5 shows the molecular diagrams of CNT, DOX, and selected most stable 
complexes C and F, which revealed the positions of all critical points and bond paths between 












represent rings critical points in structural rings. The positions of critical points on bonds greatly 
depended on electronegativity and also the critical point of the bond is closer to the atom with lower 
electronegativity. Fig. S6 shows electron density Laplacian contour maps of all critical points in all 
studied complexes. 
 
Fig. 3. Correlation between calculated      and 𝐸   energies at BCP 
 
 
Fig. 4. Correlation between calculated      
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Complex C Complex F 
Fig. 5. Molecular diagrams of P-CNT, DOX and the most stable complexes (C and F) obtained from DFT 
calculations 
 
3.1.4 Thermodynamic Properties 
For the calculation of energy, Gaussian software considers contributions of translation as well as 
electronic, rotational and vibrational motions and their values are obtained as the sum of electronic and 
thermal free energies since Gibbs free energy integrates entropy and enthalpy into one single value. 
Free energy variations, ΔG, could be obtained by adding the value of enthalpy to entropy-temperature 
product. Gibbs free energy variations is defined as Gibbs energy difference between initial (before 
absorption) and final (after absorption) states which is obtained using Eq. (8). Thermodynamic 
parameters can provide deeper understanding on essential energy changes due to adsorption; therefore, 
these parameters should be comprehensively investigated. 
The Gibbs free energy (  ), entropy (  ), and enthalpy (  ) of all complexes at 1 atm and 298 K 
were determined to describe adsorption process in implicit water PCM (Table 5). Negative standard 
enthalpy or give out energy in the form of heat     , and positive entropy or increase in the 












of E, F, G complexes in aqueous phase. On the other hand, the WB97XD level of theory predicted that 
adsorption process had exothermic enthalpy and, positive     values for complexes containing ƒ-
CNT2 indicated stable entropy variations during complex formation. It was found that the formation 
of A, B, C, and D complexes at WB97XD functional entropically was not favorable, but the quantity 
of Gibbs free energy  𝐺 which reflect the balance between two potential was negative. Therefore, 
concluded that the adsorption process for all studied systems was thermodynamically favorable and 
spontaneous. Complexes with higher values of relative standard Gibbs energy of formation were more 
stable while those with lower relative standard energy of formation were more unstable. 
Table 5. Calculated thermodynamic properties (  ,   , and    ), all in Kcal/mol 
Complex           
A -8.197 -12.589 -4.392 
B -24.079 -38.014 -13.935 
C -24.424 -38.290 -13.866 
D -24.779 -37.685 -12.906 
E -54.199 -69.671 15.472 
F -53.167 -67.418 14.251 
G -55.003 -69.060 14.057 
3.1.5 Electronic Properties 
Electrophilicity index ( ) is a key factor, and the value of this factor is high in most electrophilic 
systems. Electrophilicity index is weighted as a degree of the energy decrement of the chemical 
species because of the maximum rate of electron passing from ambience and provides insight about 
structural reactivity, stability, and toxicity of chemical species. LUMO and HOMO iso levels of NTs 
and DOX are shown in Fig. S7. For P-SWCNT, LUMO and HOMO were uniformly delocalized 
throughout NT sidewall along C-C bonds, parallel and perpendicular to CNT axis, respectively. 
However, for ƒ-CNTs with carboxyl and hydroxyl groups, the distribution of HOMO and LUMO 
orbitals on the surface of CNT was non-uniform (Fig. S7). It is noteworthy that orbitals at 
functionalized points had higher accumulation and strength than pristine CNTs. Fig. S7 presents the 
distributions of LUMO and HOMO of DOX molecules on its aromatic ring and on C or O atoms as 
well as C-C, C-O and O-H bonds. It was seen in Fig. 8 that, in the complexes with the highest stability 
(C and F), HOMO was distributed on DOX molecule and LUMO was localized on the surface of ƒ-
CNTs, indicating that electrons were transferred from DOX to ƒ-CNTs. Hardness and energy gap 
values of NTs were lower than those of DOX. This meant that NTs were more polarizable than DOX 












Table 6 presents the values of LUMO, HOMO and    for all studied models in both phases 
revealing the variations of    for P-CNT, ƒ-CNT1 and ƒ-CNT2 complexes in aqueous phase in the 
range of 4.038 eV, (4.268–4.285 eV) and (2.947-2.959), respectively. Low values of    meant low 
kinetic stability and high chemical reactivity for all of evaluated systems. Systems containing 
carboxylated CNTs had the lowest    values and the difference of    values in aqueous and gas 
phases for this system was higher than those of other complexes. Also,    had higher values in gas 
phase which indicated that in this phase, chemical reactivity was lower and kinetic stability was 
higher. It is also noteworthy that lower values of gap energy indicated semi-conductive behavior of 
structure. The data presented in Table 6 revealed slight variations of 𝐸     and 𝐸     for all 
complexes before and after adsorption which were almost the same as LUMO and HOMO energies of 
isolated NTs in two phases. Therefore, electrophilicity, energy gap, softness and hardness were not 
remarkably changed in various complexes indicating that upon the adsorption of DOX onto NTs, the 
electronic characteristics of the evaluated complexes were not changed significantly. As such, charge 
transfer between DOX and NTs molecules was insignificant. In drug delivery systems, this is an ideal 
interaction since drug molecules could be simply released from NT surface. Furthermore, the values of 
chemical potential NTs before and after DOX adsorption were negative, indicating that the 
investigated complexes were stable. 
Table 6. Dipole moments (µ ֯) (Debye), HOMO (𝐸    ) and LUMO (𝐸    ) energies, gap energy (𝐸 ), 
quantum molecular descriptors, chemical hardness (ɳ), chemical softness (S), chemical potential (µ), 
electronegativity (X), electrophilicity index(  , (all in eV) calculated at WB97XD/6-31+G(d, p) level for DOX, 




Phase (µ ֯)                (ɳ) (S) (µ) (X) (ω) 
DOX 
PCM 4.294 -6.911 -0.194 6.717 3.358 0.297 -3.552 3.552 1.879 
GAS 3.701 -6.857 -0.129 6.728 3.364 0.297 -3.493 3.493 1.815 
SWCNT 
PCM 0.000 -5.771 -1.733 4.038 2.019 0.495 -3.752 3.752 3.486 
GAS 0.000 -5.597 -1.552 4.045 2.022 0.494 -3.574 3.574 3.158 
ƒ-CNT1 
PCM 12.749 -6.345 -2.050 4.295 2.147 0.465 -4.197 4.197 4.102 
GAS 6.024 -6.168 -1.859 4.309 2.154 0.464 -4.013 4.013 3.738 
ƒ-CNT2 
PCM 32.688 -5.563 -2.480 3.083 1.541 0.649 -4.021 4.021 5.247 
GAS 2.711 -5.446 -2.027 3.419 1.709 0.585 -3.736 3.736 4.083 
A 
PCM 10.791 -5.701 -1.663 4.038 2.019 0.495 -3.682 3.682 3.357 
GAS 8.432 -5.436 -1.411 4.025 2.012 0.497 -3.423 3.423 2.911 
B 
PCM 9.041 -6.340 -2.055 4.285 2.142 0.466 -4.197 4.197 4.112 
GAS 5.447 -6.103 -1.807 4.296 2.148 0.465 -3.955 3.955 3.641 
C 
PCM 11.382 -6.372 -2.099 4.273 2.136 0.468 -4.235 4.235 4.199 
GAS 7.170 -6.234 -1.931 4.427 2.213 0.452 -4.082 4.082 3.764 
D 
PCM 14.223 -6.336 -2.068 4.268 2.134 0.468 -4.202 4.202 4.137 
GAS 8.350 -6.276 -2.001 4.275 2.137 0.468 -4.138 4.138 4.006 
E 
PCM 22.505 -5.425 -2.466 2.959 1.479 0.676 -3.945 3.945 5.261 
GAS 6.121 -5.512 -2.094 3.418 1.709 0.585 -3.803 3.803 6.532 
F 
PCM 22.474 -5.384 -2.433 2.951 1.475 0.678 -3.908 3.908 5.178 













PCM 23.154 -5.410 -2.463 2.947 1.473 0.678 -3.936 3.936 5.260 
GAS 4.822 -5.354 -1.914 3.440 1.720 0.581 -3.634 3.634 3.839 
More comprehensive evaluation of the electrophilicity index and chemical potential of the 
considered fragments confirmed that electron flow occurred spontaneously from DOX to NTs, 
because electrons being transferred from higher chemical potential. As an electrophilic species, NTs 
can accept electrons from drug molecules during adsorption process. Also, it was observed that the 
dipole moments of the evaluated configurations were improved by phase change from gas to aqueous. 
This difference was significant in ƒ-CNT2 systems. Hardness ɳ values revealed that DOX molecules 
were harder than NTs and drug hardness was found to decrease by adsorption. In addition, this work 
confirmed that the addition of -OH and -COOH functional groups increased the polarity and therefore, 
the solubility of NTs. 
 
Fig. 8. Orbital diagrams of HOMO and LUMO in most stable complexes (C and F) in gas phase 
The individual interaction of NTs and DOX molecules, including individual energy changes of 












Table 7. The values of charge transfer (  ), individual energy change of acceptor (      ), individual energy 
change of donor (       ), and overall stabilization energy (         ), (all in eV) within reacting DOX drug 
molecule and NTs in aqueous and gas phases 
Fragment                           
PCM GAS PCM GAS PCM GAS PCM GAS 
P-CNT 0.0371 0.0150 -0.1378 -0.0534 0.1341 0.0527 -0.0037 -0.0007 
ƒ-CNT1 0.1172 0.0942 -0.4771 -0.3684 0.4326 0.3439 -0.0445 -0.0245 
ƒ-CNT2 0.0957 0.0479 -0.3777 -0.1770 0.3553 0.1712 -0.0224 -0.0058 
In this study, the kinetic properties of DOX-CNT interaction have been evaluated using       , 
whereas        and          were employed to examine the thermodynamic stability of products. 
First, we assumed NT and DOX molecules and acceptor (A) and donor (B), respectively.    values 
for DOX/NT complexes were positive which confirmed that electron flow direction was from DOX to 
NT. It is noteworthy that charge transfer rate in studied complexes in aqueous phase was higher than 
that in gas phase. Negative        value confirmed that the complex was more stable than isolated NT 
and DOX molecules. However, positive        value showed energetically promising process; in 
other words, electrons were transferred from DOX as donor to NT as acceptor. Finally, negative 
         value revealed the thermodynamic stability of the complexes. 
Also, with further attention to chemical potential values given for DOX and CNT molecules in 
Table 6, it could be concluded that electron flow took place from drug molecule to nanotube. Also, 
electrophilicity and chemical potential values of the above components confirmed the mentioned 
electron flow direction. This electron flow along a single direction resulted in significant changes in 
the polarization of above complexes after adsorption. These results provided acceptable information 
on the intensity of interaction, stability, and toxicity of different chemical species such as the 
protonation of drug molecules in in media with different pH values which could be employed in 
designing nanocarriers and discovery of drugs and decrease and save laboratory test durations. 
3.1.6 Density of States Analysis 
System DOS defines state number per energy interval at each energy level that available for 
electrons. Higher DOS values at a certain energy level denote the availability of several states for 
occupation. Zero DOS shows that at that energy level, there are no states available for occupation. As 
can be seen in Table 6, and Fig. 9, comparison of 𝐸  values showed that after DOX adsorption onto 
NTs, the energy gap of nanotube was not considerably changed. According to Fig. 9 the total density 
of states (TDOS) plots of complexes were almost similar to that of PDOS NTs. The only difference is 
that, comparison of peak heights at the highest energy level showed that DOS level in functionalized 












occupation. Also, unlike complex A, no hybridization occurred between CNT PDOS and TDOS which 
indicated more favorable physical adsorption in these systems. 
It is noteworthy that energy gap was the energy range of a molecule in which no electron states 
existed. In DOS graphs, 𝐸  is energy difference between conduction (LUMO) and valence (HOMO) 
levels. This corresponded to the energy required for outer shell electron release from its orbital around 
the nucleus to become a movable charge carrier capable of moving freely in material matrix. 
Therefore, 𝐸  was a major factor in the determination of electrical conductivity in a material. Our 
results showed that the functionalization of pristine CNTs with carboxyl group decreased energy gap 
from 4.038 to 3.083 eV. Therefore, this type of functionalization shifted the behavior of CNT toward 
semiconductors while functionalization with hydroxyl increased energy gap by 0.257 eV and insulator 
properties of CNTs. 
To study DOX adsorption effect on electronic structures of functionalized CNTs, PDOS and 
TDOS of P-CNT COMPLEX (complex A) and the most stable configurations (C and F) are shown in 
Fig. 9. PDOS plot mainly shows fragment orbital compositions contributing to molecular orbitals. 
PDOS results of the most stable complexes revealed that the main contribution to HOMO orbital came 
from DOX molecules (Fig. 9). On the other hand, the value of LUMO for CNTs was higher than that 
of DOX molecule; i.e., it participates in adsorption process through its LUMO orbital. As presented in 
Fig. 9, no considerable hybridization occurred during adsorption process between DOX and NT’s 
orbitals. Also, comparison of curves showed that the possibility of this hybridization was decreased 
according to the following order f-CNT2    f-CNT1   P-CNT which confirmed the physical 
adsorption of drug molecule has enhanced on functional CNT’s surface. 
 
Fig. 9. The calculated total and projected electronic density of states (TDOS and PDOS) (a) complex A, 

























































































3.1.7 NBO Analysis 
NBO analyses were also conducted to determine charge delocalization and orbital interactions at 
the same DFT theory level [86–88]. For better understanding intermolecular interactions in the 
evaluated complexes, NBO analyses were conducted which provided a great amount of information on 
the strength and nature of intermolecular interactions in terms of local orbital interactions and their 
second-order perturbation energy (𝐸   ). Table 8 lists the results obtained from NBO analyses on all 
investigated complexes. These analyses also demonstrated significant charge transfer between DOX 
and functionalized CNT molecules in DOX/ƒ-CNTs interaction unlike pristine CNT which was 
insignificant. NBO analyses showed that DOX tended to transfer of electrons to NTs during 
adsorption process. Therefore, in all of the evaluated complexes, drug molecules acted as donor and 
NTs acted as acceptor, and charge transfer occurred in DOX  NTs direction. The calculated second-
order perturbation interaction energy (𝐸   ) for DOX/CNT, DOX/ƒ1-CNT and DOX/ƒ2-CNT systems 
were in the ranges of 0.12-2.95 and 0.06-42.34 and 0.05-69.37 Kcal/mol, respectively. The obtained 
results revealed that total charge transfer energies of functionalized CNT complexes were significantly 
higher than that of P-CNT complex and corresponding values for DOX/ƒ2-CNT configurations were 
higher than those of DOX/ƒ1-CNT complexes. It was witnessed that electron transfer was a key factor 
facilitating the adsorption of the molecules on the adsorbent. It was also found that higher energy 
values (𝐸 ) for DOX adsorption onto CNT resulted in a greater extent of interaction between DOX 











































The theoretical findings of this work illustrated that in hydroxylated CNT systems at 
configurations B, lone electron pair of O216 in drug molecule acted as donor through H158 atom on 
O-H group of the functionalized CNT, and ƒ1-CNT acted as acceptor in intermolecular charge transfer 
interactions at energy levels of 13.01 and 14.64 Kcal/mol in gas and aqueous phases, respectively. In 
complex C, lone pairs of atoms O159, O214 and N224 in DOX acted as donor through H203, H166 
and H158 atoms of ƒ-CNT1 as an acceptor respectively.  The 𝐸    values of these pairs are 
summarized in Table 8 for aqueous and gas phases. The strongest intermolecular interaction was 
observed for configuration C which, compared to other complexes in hydroxylated CNT systems, had 
the highest total charge transfer energies of 36.43 for and 42.34 Kcal/mol for O-H and N-H in gas and 
aqueous phases, respectively. In complex D, the lone pair of O191 atom in DOX acts as a donor with 
lone pair H163 atom of ƒ1-CNT as acceptor with energy values of 16.81 and 10.34 Kcal/mol in 
aqueous and gas phases, respectively. 
The data provided in Table 8 showed that the highest 𝐸    energies were obtained for complexes 
E, F and G in systems with carboxylated CNTs. In complex E, a lone bond was formed between atom 
O226 of drug molecule as donor and H176 of carboxyl on CNT as acceptor with 𝐸   energies of 50.16 
and 50.41 Kcal/mol in aqueous and gas phases, respectively. In system F, two dominant lone bonds 
occurred between N234 of drug as electron donor and H176 of CNT as electron acceptor as well as 
O203 of drug and H175 of CNT with 𝐸   energies of 69.3 and 66.46 Kcal/mol as well as 23.83 and 
21.78 Kcal/mol in aqueous and gas phases, respectively. The obtained results showed that system F 
had the highest stability which confirmed the results obtained in the previous section. In complex G, 
three dominant bonds were formed between O-H----H and H----O in drug and ƒ2-CNT molecules two 
of which, i.e. those between O224 and O201 as well as H176 and H175 with energy values of 55.29 
and 20.51 Kcal/mol in aqueous phases, respectively, drug molecule acted as electron donor and CNT 
acted as electro n acceptor while in the other bond between O168 of carbonyl group on CNT acted as 
electron donor and H218 of drug acted as electron acceptor which had 𝐸    energy levels of 13.29 and 
13.85 Kcal/mol in aqueous and gas phases, respectively. According to 𝐸    energy levels in this 
model, it was concluded that generally drug molecules acted as electron donor and CNT acted as 
acceptor. 
Table 8. The second-order perturbation energy (𝐸   ), Kcal/mol, corresponds to the charge flow between the 












LP (1) O 151           *(1) C 61 - H 104 2.95 --- 
LP (1) O 151           *(1) C 49 - H 102 --- 2.53 















LP (1) O 216 LP*(1) H 158 14.64 13.01 
      (1) C 2-C 11 π*(1) H 223 0.35 0.31 






LP (2) O 159 LP*(1) H 203 36.43 21.49 
LP (2) O 214 LP*(1) H 166 23.71 --- 
LP (1) N 224 LP*(1) H 158 --- 42.34 
LP (3) O 157 π*(1) H 225 0.21 --- 
LP (1) O 157                *(1) N 224 - H 225 1.40 --- 
         (1) C 21 - C 22 π*(1) H 236 0.06 --- 





LP (1) O 191 LP*(1) H 163 16.81 10.34 
LP (2) O 159 LP*(1) H 203 --- 21.49 
LP (3) O 160 π*(1) H 189 0.50 0.27 
LP (3) O 159 π*(1) H 205 0.15 0.14 





LP (2) O 226 LP*(1) H 176 50.16 50.41 
LP (1) O 171               *(1) C 208 - H 209 1.15 2.16 
LP (3) O 170 π*(1) H 233 0.12 0.17 
LP (1) O 168                *(1) N 234 - H 235 2.46 2.56 





LP (1) O 203 LP*(1) H 175 23.83 21.78 
LP*(1) H 175 π*(1) O 196 0.05 --- 
LP*(1) H 205 π*(1) O 168 0.06 --- 
LP (1) N 234 LP*(1) H 176 69.37 66.46 





LP (2) O 224                *(1) O 170 - H 176 --- 36.97 
LP (2) O 224 LP*(1) H 176 55.29 --- 
LP (1) O 201                *(1) O 167 - H 175 --- 18.53 
LP (1) O 201 LP*(1) H 175 20.51 --- 
LP (1) O 168 LP*(1) H 218 13.29 13.85 
3.1.8 Molecular Electrostatic Potential (MEP) 
Molecular electrostatic potential (MEP) at a certain point near a molecule indicates net 
electrostatic effect generated at that point through total distribution of charge in the molecule. MEP is 
an important factor when studying reactivity describing that an approaching electrophile would be 
attracted to negative sites (in which the effect of electron distribution is dominant). The significance of 
MEP is because it gives the shape and size of the molecule and determines its negative, neutral and 
positive electrostatic potential regions as color grading and provides a powerful tool in investigating 
the relationship between molecular structure and  its physiochemical characteristics [89,90]. Different 
electrostatic potential values at surface were shown in different colors such that red shows the most 
negative electrostatic potential, green shows zero potential regions, blue shows the most positive 
electrostatic potential. Potential was increased in the order of red<orange<yellow<green<blue. 
According to MEP plots presented in Fig. 10, O atoms were red (negatively charged) and N and H 
atoms were intensively blue (positively charged). This meant that the most intensive electron transfer 












seen in the most stable complexes (C and F) Due to their electropositive property, N and H atoms in 
DOX tended to bond to electronegative O and less electropositive H atoms in functionalized CNT 
molecules. 
 
Fig. 10. Molecular electrostatic potential (MEP) surfaces of (a) DOX (b) P-CNT (c) ƒ-CNT1 (d) ƒ-CNT2 
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4. Conclusion
In this work, for the first time as a comprehensive research, the nature of interactions between 
active points of anticancer drug DOX and outer surfaces of pristine and -COOH and -OH 
functionalized CNTs in aqueous and gas phases have been investigated using DFT calculations. 
Geometrical analyses showed that bond distance between the atoms of drug molecule before and after 
being adsorbed onto the outer surface of CNT was not significantly changed which indicated its 
stability. Negative values of adsorption energy in the investigated complexes in aqueous and gas 
phases showed that the interactions between DOX and CNT molecules were favorable and the process 
was physisorption and exothermal. Also, the values of these energies showed that the functionalization 
of CNT, especially with –COOH functional group, improved the adsorption of drug molecule onto 
CNT and therefore, intermolecular hydrogen bonds have important role in the stability of 
physisorption. The results also showed that adsorption process was more stable and favorable in gas 
phase. QTAIM calculations showed that the nature of bonds was electrostatic and partially covalent 
and there was a direct relation between the distance and strength of bond which was even stronger in 
systems with functionalized CNTs. Also, the electronic properties and descriptors of the considered 
systems were calculated in aqueous and gas phases and the obtained results showed that the 
functionalization of CNTs with –COOH and –OH groups gave them semiconductor and metallic 
properties, respectively. The values of electrophilicity and chemical potential showed that electron 
flow occurred from drug molecule to nanotube. Negative enthalpy and Gibbs free energy values in the 
studied systems indicated that adsorption process was exothermic and thermodynamically favorable. 
Also, NBO calculations showed that adsorption was achieved through electron transfer from drug 
molecule to CNT. In the other side, the value of perturbation energy in systems containing COOH-
functionalized CNTs was higher than those containing OH-functionalized CNTs and those of both 
were higher than that of systems with pristine CNTs. Also, DOS results showed that, unlike pristine 
CNTs, there was not adequate hybridization between drug and CNT molecules in functionalized 
systems, which indicated stable adsorption process. 
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Highlights 
 The functionalization of SWCNT enhances DOX adsorption strength and stability.
 The direction of spontaneous electron flow was from DOX molecule to CNT.
 HB interactions play an important role in the stability of DOX/ƒ-CNT complexes.
 Negative ∆G and enthalpy values indicated that adsorption process was exothermic.
 Adsorption energy between CNTs and DOX is more in gas phase.Jo
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